INTRODUCTION
In living aerobic cells, reactive oxygen species (ROS) are continuously generated by inflammatory, ischemiareperfusion injury, xenobiotic metabolism, UV light and ionizing radiation as well as physiological mitochondria respiration. 1) By escaping the cell's antioxidant defenses, ROS can damage bio-molecules including DNA.
2) Oxidative DNA damage generated thereby has been thought to be an important source of mutation leading to aging and a wide range of degenerative diseases, such as cardiovascular disease, cataracts, 3) immune-system decline, 4) and brain dysfunction. Generally, cells can efficiently repair most of DNA damage through effective enzymatic repair systems. 5) However, the repair is not perfect, even under existing ROS process allowing misrepaired products to occur. On the other hand, DNA repair capacity decreases and more deleterious oxygen species arise with the progressing of aging. Both changes result in accumulation of DNA damage, and increasing mutation frequency. All these mean that DNA damage is produced and always exists prior to DNA replication, and hence the possibility of mutation leading to degenerative diseases always exists. It is important to look for exogenous antioxidants which either can scavenge ROS prior to DNA damage or can repair damaged DNA to supplement the inadequate repair capacity of cells.
Much attention has been focused on the scavenging activity of antioxidants against DNA damage from ROS attacking. The concentrations of bio-molecules in cells are much higher than those of antioxidants, thus, the reaction of hydroxyl radical which has very high reactivity 6) with biomolecules is very difficult to prevent even by the most reactive hydroxyl radical scavengers in vivo unless the concentration of antioxidants is high enough. Therefore, the strategies for prevention of DNA damage induced by hydroxyl radicals should concentrate on the elimination or neutralization of the secondary DNA radicals resulting from the hydroxyl radical reactions, which is non-enzymatic repair of DNA damage or fast repair.
7) The natural antioxidants, such as thiols and ascorbate, can react with oxidizing hydroxyl radical adducts of deoxyguanosine monophosphate (dGMP) and deoxyguanosine (dG) with high rate constants (3.6 × 10 7 -8.4 × 10 8 M -1 s -1 ), 8) hydroxycinnamic acid derivatives can fast repair hydroxyl adducts of dGMP.
9) The fast repair activities of phenylpropanoid glycosides (PPGs) and their analogs towards hydroxyl radical adducts of dGMP, deoxyadenosine monophosphate (dAMP), polyadenylic acid (poly A), polyguanylic acid (poly G) and single strand or double strand DNA, 10) thymine radical anion, 11) thymidine monophosphate (TMP) radical anion, 12) radical cations of dGMP and dAMP 13) have been reported. However, more evidence is required to prove the universality of fast repair of DNA damage by antioxidants.
Flavonoids are the representatives of a large and complex group of phenolic compounds that occur throughout the plant kingdom and are synthesized in most plant tissues, providing color, flavor, antifungal and anti-bacterial activities, and contributing to many aspects of plant physiology. 14) These polyphenols known as free radical scavengers have beneficial action in cardiovascular disorders, 15) inhibit H 2 O 2 -induced V79 cell death, and prevent DNA single strand breaks. 16) Recently, focus of radiation protection has tended to test the radioprotective potential of natural products in the hope that one day it will be possible to find suitable pharmacological agents that could protect humans against deleterious effects of ionization radiation. Osimum sanctum was first reported to show the radiopretective efficacy against the radiation-induced mortality by evaluating mouse survival, spleen colony assay and chromosome aberrations in mouse bone marrow cells. Apart from these, some plants and herbs have approved to protect against radiation-induced lipid peroxidation and reduction in glutathione concentration. 17, 18) Silybin, a natural flavonoid, can be isolated from the seeds of Silybum marianum. It has been reported that silybin, being a potent free radical scavenger, is able to remove the reactive radicals resulting from liver detoxification of xenobiotics by monooxygenase systems and inhibit lipid peroxidation. 19) In the last five years, silybin received more and more attention due to its beneficial activities, such as anticancer, protecting skin from UV light, neuroactive and neuroprotective activities. Moreover, silybin has been proven to proceed high efficient mono-photoionization process in ethanolic solution by 248 nm excimer laser. 20) Like most plants and herbs, silybin has medicinal properties and is being used in traditional Ayurvedic or Chinese medicine to treat various ailments in humans. In order to further investigate the antioxidative activities of silybin, the other three flavanones (Fig. 1.) of similar structures were chosen to compare with silybin.
Accordingly, in the present work, we focus on the studies on the repair activities of silybin and its analogues towards dGMP-OH adducts using pulse radiolysis techniques.
MATERIALS AND METHODS

Materials
Silybin (denoted as SLB), hesperetin (HESP), naringenin (NAN), naringin (NAR) and 2'-deoxyguanosine-5'-monophosphate (dGMP) were purchased from Sigma. All the other reagents were obtained from Wako Pure Chemical Industries, Ltd.
All solutions were freshly prepared with triple distilled water before each experiment and were used immediately. The solutions were buffered with phosphate (2 mM, pH 7.0), and were saturated with high purity nitrous oxide (> 99.99%) by bubbling for 20 min before irradiation to enable the conversion of eaq -to hydroxyl radical. All experiments were carried out at room temperature.
Pulse radiolysis
Pulse radiolysis experiment was conducted by using a linear accelerator providing 35 MeV electron pulse with duration of 10 ns. An 18 mm suprasil quartz cell was used for sample irradiation. Thiocyanate dosimetry was used for dose determination, assuming G × ε = 51,000 M -1 cm -1 at 472 nm in nitrous oxide saturated 10 mM KSCN aqueous solution.
21) The average pulse dose was 65 Gy for the spectral measurements and ~15 Gy for kinetic measurements. Detailed descriptions of the setup of pulse radiolysis equipment and experimental conditions have been described elsewhere. 22) The sample solution was kept flowing through the quartz cell and was changed completely after each pulse by a Teflon pump. The rate constants of one-electron oxidation of flavonoids were determined by analysis of the build-up trace of the optical absorption of phenoxyl radical with time. The repair system was designed according to the principles of competitive reaction. 
RESULTS AND DISCUSSION
Reaction of the tested flavonoids with • OH radical
The • OH radical will react with these tested flavonoids. As shown in Fig. 2 , all of the transients show a rather sharp peak below 400 nm and a minor absorption band in wavelength range 460~560 nm. These characteristics of transient spectra are in accordance with that of ketyl radical of flavanone, which has usually a main absorption peak at 350 nm and a small band at 500 nm. 24) It is noted that, because of the extremely weak light intensity due to the strong selfabsorption of the flavonoids below 350 nm, the transient spectra could not be recorded below the limit of available wavelengths.
In case of silybin, its reaction with • OH radicals results in a major absorption band with λmax = 370 nm and a broad one in wavelength range 480~560 nm, as shown in Fig. 2A . The transient absorption spectra are assigned to silybin phenoxyl radicals (SLB-PhO • ) because the reaction of • OH radicals with phenolic hydroxyl groups produces phenoxyl radicals (PhO • ). According to the previous report, 25) the former absorption band (λmax = 370 nm) can be ascribed to phenoxyl radical of ring B of the similar structures, while the latter to phenoxyl radical of ring A. In general, the reaction of silybin with • OH radical can be expressed by equation (3): Table 1 . There are no literature data for NAR and HESP, only those for SLB and NAN have reported. However, even for SLB and NAN, the measurement method and experimental conditions in the literatures are different from the present work, for example, the reported value for SLB, 1.8 × 10 10 M -1 s -1 at pH 6, was obtained by using a silybin salt substituted by dihemisuccinate group 25) and measured by competition method using (SCN)2 • -as a reference. The rate constant obtained by competition kinetics would mean the total reactivity silybin, namely, • OH radical can attack on various phenolic hydroxyl groups in silybin.
From Table 1 , the order of the reactivity towards • OH radical is: SLB > NAR > NAN > HESP. SLB shows the highest rate constant as compared to that of the others, indicating that SLB could scavenge • OH radical more efficiently. The structure-antioxidant activity relationships of the tested flavonoids will be discussed in the following section.
Fast repair activities of silybin and analogues to dGMP-OH •
The repair system of dGMP was designed according to a procedure proposed by O'Neill et al. 26) The main idea is that, upon pulse irradiation of an aqueous solution containing both dGMP and antioxidant, dGMP reacts mainly with • OH radical to form dGMP-OH • , which will be repaired by antioxidant to give back dGMP. Because of the coexistence of the dGMP and silybin in the solution, the following competition reactions (Eqs. 3 and 4) take place simultaneously (silybin as an example) after pulse irradiation: Then an important consideration should be taken into for assuring that • OH radicals produced by water radiolysis predominantly react with dGMP. This can be effectuated by a carefully adjusting the initial concentrations of dGMP and silybin. According to the mechanism of competitive reactions, the reaction probability (p) of dGMP with • OH can be calculated by the following formula:
Since the rate constant of silybin towards • OH radical is 9.5 × 10 9 M -1 s -1 ( Table 1 .) and that of dGMP is 4.7 × 10 (Fig. 3A-c) . This change of transient absorption spectrum indicated that a reaction has taken place between dGMP-OH • and SLB. dGMP-OH • adduct reverts to dGMP or hydrated dGMP by electron transfer (eqs. 6 and 7), and silybin and flavonoids convert to their phenoxyl radical. This situation is shown by the result of the present study, where the transient absorption spectrum of dGMP-OH • was substituted for that of SLB-PhO • .
(dGMP-OH) -+ H + → dGMP + H2O or hydrated dGMP (7) Because dGMP-C4-OH • + is oxidizing and SLB or analogues is reducing, the reaction between them is a redox reaction, which is completed through electron transfer from silybin or analogues to dGMP-C4-OH • , similar as catechol reacting with dGMP. 26) Thus, the fast repair process of oxidizing dGMP hydroxyl radical adducts may be regarded as a procedure of electron transfer. It may be inferred theoretically that a chemical that has adequate reduction potentials would have possibility of being a good antioxidant and be able to repair the oxidizing dGMP-OH • . The result of present study fits well with this assumption. With a similar process, the repair activity of the analogues towards dGMP-OH • was also observed (Fig. 3 B-D) .
Both the very high rate constants of reaction of silybin and analogues with ROS and the formation of stable phenoxyl radicals are important factors for silybin and analogues to act as potent antioxidants. Similarly, these properties are also essential for fast repair of DNA. On one hand, the appropriate reduction potential enable silybin and analogues to reduce DNA radical rapidly, but on the other hand, the high stabilities of SLB-PhO • prevent these antioxidant phenoxyl radicals, products of the fast repair reaction, from reacting with other biomolecules.
The rate constants for the reparation
As mentioned above, both absorption bands at λmax ~320 and 500 nm are assigned to dGMP hydroxyl radical adducts. The absorbance of 370 nm builds-up, that is the characteristic absorption of the phenoxyl radical of SLB (SLBPhO • ). Figure 2A inset shows the time profile of SLB-PhO • at 370 nm. In the repair system, obviously the absorbance at 370 nm is the sum of that of SLB phenoxyl radical and dGMP-OH adducts (Fig. 4-a) . To obtain the formation kinetics of SLB-PhO • , it is necessary to exclude the contribution of dGMP-OH. However, in the repair system, the By varying the concentration of the tested flavonoids, for example SLB concentration within 0.01-0.05 mM, in the repair system and analyzing the kinetics curves, the rate constants of the repair reaction of dGMP-OH • by the tested flavonoids was derived to be 1.0 × 10 9 M -1 s -1 by the slope of plotting the pseudo-first order rate versus initial concentrations of silybin, as shown in Fig. 5 . With the same method described above, the rate constants for the repair reaction of other flavonoids have been also determined and are listed in Table 1 .
For phenolic antioxidants, the antioxidative capacities depend on the number of phenolic hydroxyl group. 13 ) By comparison of the values of the rate constants of reactions between hydroxyl radical and dGMP adducts, SLB and analogues are positively related to the number of phenolic hydroxyl groups. However, the same number of phenolic hydroxyl groups of HESP and NAN, HESP, with a hydroxyl group at C-3' position and a methoxy group at the C-4' position, has a lower antioxidant activity than NAN. This indicates the importance of substitution patterns on the Bring. As compared to NAN, with glycosylation substitution at the 7-OH group in the saturated heterocyclic ring, NAR has a higher antioxidant activity, probably due to the participation of the hydroxyl group in the glycosylation unit. All these facts demonstrate that the number of phenolic hydroxyl groups is an important factor in determining the rate constants for repair of DNA, but is not the sole factor.
CONCLUSIONS
Some natural and synthetic chemicals have been investigated in the recent past for their efficiency to repair DNA base and protect radiation induced damages in biological systems. 29) Silybin and analogues are efficient antioxidants of a variety of ROS. 25) On the other hand, they repair also DNA radicals against the damage caused by ionizing radiation, which is predominantly mediated by H • , • OH, and hydrated electrons. 30) Ionizing radiation-induced damages to cellular DNA are of prime biological significance. The types of damages suffered by DNA due to ionizing radiation include strand breaks of single and double-strand types, base damage, elimination of bases and sugar damage. 31) Protecting DNA from radiation damage might result in prevention of the cancer/mutations induced by radiation. Silybin and the analogues offer different ability to repair DNA base against radiation-induced damage. Silybin shows the highest efficiency compared with the others. The higher rapid reparation activity of silybin agrees well with the rate constant reacting with hydroxyl radical. However, it remains unclear the relationship of reactivity and chemical structures of silybin and the analogues. To help understanding this aspect, the investigation by theoretical analysis is in progress to elucidate the structure and activity relationship. 
